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Douglas R. K n i g h t  
Naval Submarine Med ica l  Research Labora to ry  

Space crews must q u i c k l y  e x t i n g u i s h  i n - f l i g h t  f i r e s  i n  o r d e r  t o  p reven t  
s e r i o u s  burns and smoke i n h a l a t i o n .  Otherwise,  f i r e  v i c t i m s  may r e q u i r e  medi- 
c a l  s k i l l s  and s u p p l i e s  t h a t  exceed t h e  c a p a b i l i t i e s  and resources  o f  t h e  s u r -  
v i v i n g  crewmembers. 

Man's e f f o r t s  t o  combat o r  escape f i r e s  a r e  u s u a l l y  f u t i l e  when f lames 
deve lop  i n  oxygen- r ich  atmospheres, f o r  t h e  s imp le  reason t h a t  l e t h a l  tempera- 
t u r e s  a r e  produced w i t h i n  60 sec o f  t h e  onset  o f  combustion ( r e f s .  88 t o  9 0 ) .  
€ven i n  an atmosphere o f  20 pe rcen t  oxygen - 80 pe rcen t  n i t r o g e n ,  dangerous 
tempera tures  can evo lve  i n  an a s t o u n d i n g l y  s h o r t  p e r i o d  o f  t ime .  Ear th-based 
eng ineer ing  s t u d i e s  ( r e f .  91)  have shown t h a t  t h e  t h r e s h o l d  tempera ture  f o r  
s k i n  i n j u r y  develops w i t h i n  30 t o  90 sec o f  i g n i t i o n ,  depending on t h e  c o n f i g -  
u r a t i o n  o f  t h e  t e s t  chamber. H igh  temperatures evo lve  more q u i c k l y  when t h e  
f i r e  chamber i s  sea led  than  when i t s  hatches a r e  open t o  ambient a i r .  T h i s  i s  
shown i n  f i g u r e  1, which p l o t s  s e l e c t e d  d a t a  f rom f i g u r e  5 o f  t h e  p reced ing  
r e p o r t  I n e r t i n g  and Atmospheres. The d i f f e r e n c e  i n  s k i n  i n j u r y  between 30 sec 
o f  exposure (ha tches  c losed)  and 90 sec o f  exposure (ha tches  open) c o u l d  mean 
t h e  d i f f e r e n c e  between death  and s u r v i v a l  o f  t hose  f i g h t i n g  t h e  f i r e .  

B r i e f  exposures t o  f i r e  may be l e t h a l  w i t h i n  1 t o  5 min  when t h e  ambient 
tempera ture  exceeds 200 " C  ( f i g .  2 ) .  The p o s t u l a t e d  mechanism o f  death,  hyper-  
t he rm ia ,  i s  l e t h a l  t o  t e s t  an ima ls  when r e c t a l  o r  hea r t -b lood  tempera ture  
exceeds 42.5 "C. The f i n a l  cause o f  death  i s  e i t h e r  c i r c u l a t o r y  f a i l u r e ,  f r o m  
v e n t r i c u l a r  f i b r i l l a t i o n ,  o r  agonal c o l l a p s e  o f  b lood  p ressu re  ( r e f .  92) .  

Inadequate r e s p i r a t o r y  p r o t e c t i o n ,  space s ickness ,  and pan ic  may p re -  
d ispose crewmembers t o  i n c a p a c i t a t i o n ,  i n j u r y ,  and death  by smoke i n h a l a t i o n .  
Smoke inhalation has been a leading cause o f  death in victims o f  urban fires 
( r e f s .  93 and 94 ) .  Massive exposures may i n t e r f e r e  w i t h  l u n g  f u n c t i o n  when 
smoke p a r t i c l e s  mix  w i t h  s e c r e t i o n s  t o  p l u g  t h e  a i rways .  Otherwise,  p a r t i c u -  
l a t e s  a c t  as i r r i t a n t s ,  obscure v i s i o n ,  and induce pan ic  ( r e f .  95 ) .  F i r e -  
f i g h t e r s  have been exposed t o  a number o f  ha rmfu l  gases i n  smoke, i n c l u d i n g  
carbon monoxide, a c r o l e i n ,  h y d r o c h l o r i c  a c i d ,  and o t h e r  a s p h y x i a n t s / i r r i t a n t s  
( t a b l e  I). Smoke s u f f o c a t e s  v i c t i m s  s i n c e  i t  i s  d e f i c i e n t  i n  oxygen and con- 
t a i n s  h i g h  c o n c e n t r a t i o n s  o f  carbon d i o x i d e  ( r e f s .  96 and 97 ) .  However, c a r -  
bon monoxide accounts f o r  t h e  m a j o r i t y  o f  deaths o c c u r r i n g  w i t h i n  s i x  hours o f  
exposure t o  c e l l u l o s i c  f i r e s .  It asphyx ia tes  t h e  body by b l o c k i n g  oxygen's  
r e a c t i o n s  w i t h  hemoglobin and c e l l u l a r  p r o t e i n s .  Hydrogen cyan ide ,  a l s o  an 
asphyx ian t ,  has n o t  been a p r e v a l e n t  cause o f  e a r l y  deaths ( r e f .  98) .  A c r o l e i n  
i s  cons idered t o  be t h e  most s e r i o u s  i r r i t a n t  found i n  smoke, because o f  i t s  
po tency  i n  p roduc ing  i n t o l e r a b l e  l a c r i m a t i o n  and nasa l  i r r i t a t i o n  ( r e f s .  95 
and 96 ) .  The r e l e a s e  o f  a c r o l e i n  depends on f i r e  tempera ture  and f u e l  compo- 
s i t i o n  ( r e f .  98) .  

Spacec ra f t  i n t e r i o r s  may c o n t a i n  s y n t h e t i c  po lymers t h a t  y i e l d  h i g h  con- 
I c e n t r a t i o n s  o f  t o x i c  gases when burned. There i s  a l r e a d y  an account  o f  t h e  
1 r e l e a s e  o f  l e t h a l  c o n c e n t r a t i o n s  o f  n i t r o g e n  d i o x i d e  f rom x- ray  f i l m  burned i n  
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t h e  C leve land C l i n i c  f i r e  ( r e f s .  95 and 98 ) .  Halogenated a c i d s ,  such a s  h y d r o -  
c h l o r i c  a c i d ,  may a c t  as s t r o n g  sensory i r r i t a n t s  when re leased by t h e  combus-- 
t i o n  o f  ha logenated polymers.  Isocyanates ,  ammonia, and cyanides have been 
produced b y  t h e  b u r n i n g  o f  n i t rogenous  polymers.  

Any f lame m i g h t  cause an e x p l o s i o n  by i g n i t i n g  r e a c t i v e  suhsldnces ( e . g . ,  
p r o p e l l a n t  fumes) t h a t  accumulate i n  s p a c e c r a f t  atmospheres ( r e f .  9 9 ) .  l i s s u e s  
t h a t  l i n e  g a s - f i l l e d  spaces i n  t h e  body a r e  p a r t i c u l a r l y  v u l n e r a b l e  t o  i n j u r y  
by b l a s t  waves ( t a b l e  1 1 ) .  Consequent ly,  t h e  l u n g  may s u s t a i n  s u f f i c i e n l  dani- 
age t o  impede oxygenat ion  o f  hemoglobin and r e l e a s e  bubbles o f  a i r  i n t o  t h e  
a r t e r i a l  b l o o d  s t ream ( r e f .  100) .  The bubbles i n t e r f e r e  w i t h  h e a r l  arid b r a i n  
a c t i v i t y  by o b s t r u c t i n g  n u t r i e n t  b l o o d  f l o w  th rough  t h e  t i s s u e s .  More f r e -  
q u e n t l y ,  however, b l a s t  waves cause s e r i o u s  i n j u r y  by t o s s i n g  t h e  body a g a i n s t  
f i r m  su r faces  o r  r e l e a s i n g  h i g h  -speed f ragments t h a t  p e n e t r a t e  t h e  t i s s u e s .  

S t r u c t u r a l  f a i l u r e s  i n  b u r n i n g  b u i l d i n g s  can impede t he  niovenient o f  v i c  - 
t i m s  o r  i n j u r e  f i r e f i g h t e r s ;  b u t  i n  t h e  w e i g h t l e s s  c o n d i t i o n s  o f  space t r a v e l ,  
weakened s t r u c t u r e s  would n o t  s h i f t  as a r e s u l t  o f  g r a v i L ( i t i o n a 1  f o r c e s .  

l h e  t i m e - o f  - u s e f u l  - f u n c t i o n  i n d i c a t e s  how l o n g  v i c t i m s  have t o  escape a 
f i r e  b e f o r e  t h e i r  o n l y  hope f o r  s u r v i v a l  i s  rescue ( r e f .  9 3 ) .  MediLal  s c i e n -  
t i s t s  have s t u d i e d  t h e  a b i l i t y  o f  exper imenta l  an ima ls  t o  escape f i r e s  a s  a 
b i o l o g i c a l  end - p o i n t  o f  combust ion t o x i c o l o g y  t e s t s .  For  example, t o x i c  gases 
may impose one o r  more forms o f  hypoxia,  which i m p a i r  an imal  c o o r d i n a t i o n .  
Overwhelming i r r i t a t i o n  o f  t h e  eyes and a i rways  may a l s o  i m p a i r  escape 
( r e f .  98) .  But ,  combust ion p roduc ts  can d i m i n i s h  menta l  a c u i t y  and degri ide 
human judgment b e f o r e  t h e r e  i s  overwhelming i r r i td t  i o n  arid neuromuscular 
i n c o o r d i n a t i o n .  Rather  t h a n  s t u d y i n g  t h e  escape behav io r  o f  an imals ,  why n o t  
e v a l u a t e  t h e  e a r l y  e f f e c t s  o f  smoke i n h a l a t i o n  on human perforrriance? 

Spacec ra f t  f i r e  s a f e t y  may be improved by t h e  use o f  a f i r e  r e t a r d a n t  
atmosphere i n  occupied spaces. Low concen t ra t i ons  o f  oxygen can p r o t e c t  
humans f r o m  f i r e  damage b y  r e d u c i n g  t h e  r a t e  and spread o f  combust ion,  b u t  
c a r e  must be t a k e n  t o  a v o i d  t h e  hypox ic  e f f e c t s  o f  oxygen -1can atmospheres. 
Crews c o u l d  l i v e  and work i n  11 pe rcen t  oxygen i f  ba ro i i i e t r i c  p ressu re  were 
a d j u s t e d  t o  m a i n t a i n  t h e  p a r t i a l  p ressu re  o f  oxygen (Po?) above 16 kPa 
(0.16 atm) ( f i g .  3 ) .  E leven pe rcen t  oxygen shou ld  p r e v c n t  most types  o f  f i r e s ,  
s i n c e  15 p e r c e n t  oxygen r e t a r d s  t h e  combust ion o f  paper  and 13 p e r c e n t  oxygen 
e x t i n g u i s h e s  pentane f lames ( r e f s .  89, 91, and 101) .  S t u d i e s  a t  t h e  Naval 
Submarine Medica l  Research Labora to ry  a r e  d e f i n i n g  ( a )  a safe ,  minimum 
a t  normobar ic  p ressures ;  ( b )  a maximum baromet r i c  p ressu re  f o r  use w- i thout  
r i s k  o f  n i t r o g e n  narcos is /decompress ion s ickness ;  and ( c )  t h e  h e a l t h  e f f e c t s  
o f  b r e a t h i n g  t r a c e  l e v e l s  o f  atmosphere contaminants  i n  low c o n c e n t r a t i o n s  o f  
oxygen. l o  date ,  t h e  r e s u l t s  i n d i c a t e  t h a t  seated humans can p e r f o r m  menta l  
t a s k s  i n  atmospheres c o n t a i n i n g  11.5 pe rcen t  oxygen. A l though t h i s  s t r a t e g y  
o f  f i r e  s a f e t y  i s  under  c o n s i d e r a t i o n  f o r  submarines, i t  c o u l d  be adapted t o  
s p a c e c r a f t  once o p e r a t i o n a l  procedures d e f i n e  a maximum hyperba r i c  p ressure  
and f i r e  research  d e f i n e s  t h e  e f f e c t s  o f  reduced oxygen c o n c e n t r a t i o n s  on com- 
b u s t i o n  i n  l o w - g r a v i t y  env i ronments.  A d d i t i o n a l  research  i s  necessary t o  
d e f i n e  man's t o l e r a n c e  o f  f i r e - i n e r t  atmospheres i n  t h e  space s t a t i o n .  

Po2 
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GLOSSARY 

I A N E M I C  H Y P O X I A  - a d e f i c i e n c y  o f  oxygen due t o  reduced c o n t e n t  o f  hemoglobin 
(e.g., hemorrhage) o r  i n h i b i t i o n  o f  oxygen uptake by hemoglobin (e .g. ,  t h e  
a c t i o n  o f  carbon monoxide). 

A S P H Y X I A  ( S U F F O C A T L O N )  - t h e  consequence o f  hypox ia  combined w i t h  an i n c r e a r e d  

B R O N C H O C O N S l R I C T O R  - a gas t h a t  induces r e s i s t a n c e  t o  a i r  f l o w  th rough t h e  

t e n s i o n  o f  carbon d i o x i d e  i n  t h e  b lood  and t i s s u e s .  

I r e s p i r a t o r y  passages, e i t h e r  by consequences o f  nerve  s t i m u l a t i o n  o r  r e l e a s e  
o f  h i s tam ine  (e.g., ammonia, s u l f u r  d i o x i d e ) .  

o f  c e l l u l a r  r e s p i r a t i o n  (e.g., t h e  a c t i o n  o f  hydrogen cyan ide ) .  

I 
H I S T O l O X I C  H Y P O X I A  - t h e  b lockade o f  oxygen u t i l i z a t i o n  caused by  t h e  p o i s o n i n g  

H Y P E H I H E R M I A  - an abnorm 

H Y P O X I A  - t h e  f a i l u r e  o f  
o f  oxygen. 

H Y P O X I C  ( A R T t R I A L )  H Y P O X  
i n  a r t e r i a l  b lood,  due 
gas, ( b )  abnormal l u n g  
a r t e r i a l  stream. 

l l y  h i g h  body tempera ture .  

t i s s u e s ,  f o r  any reason, t o  r e c e i v e  an adequate supp ly  

A - t h e  consequence o f  reduced oxygen t e n s i o n / c o n t e n t  
t o  ( a )  low p a r t i a l  p ressu re  o f  oxygen i n  b r e a t h i n g  
f u n c t i o n ,  o r  ( c )  shun t ing  o f  venous b lood  i n t o  

I R R I T A N T  - a gas t h a t  i n f l a m e s  t i s s u e s  by d i r e c t  c o n t a c t ,  o r d i n a r i l y  t h e  
su r faces  o f  s k i n  and mucous membranes. 

PULMONARY I R R I T A N l  - a gas t h a t  s t i m u l a t e s  sensory nerves i n  t h e  l ower  
r e s p i r a t o r y  t r a c t  and causes pulmonary edema (e.g., n i t r o g e n  ox ides ) .  

R E S P I R A T O R Y  I R R I I A N T  - a gas t h a t  a c t s  as a S E N S O R Y  I R R I l A N l ,  PULMONARY 
I R R I T A N T ,  and B R O N C H O C O N S T R I C T O R  (e.g., c h l o r i n e ) .  

SENSORY IRRITANT - a gas t h a t  s t i m u l a t e s  sensory nerves i n  t h e  face  and upper  
r e s p i r a t o r y  t r a c t ,  caus ing  d i s c o m f o r t  and s low ing  o f  t h e  v e n t i l a t i o n  r a t e  
(e.g., a c r o l e i n ,  H C 1 ) .  

SMOKE - a complex m i x t u r e  o f  t h e  a i r b o r n e  s o l i d  and l i q u i d  p a r t i c u l a t e s  and 
gases evo lved when a m a t e r i a l  undergoes p y r o l y s i s  o r  combustion. The 
compos i t i on  o f  smoke depends on t h e  c o n d i t i o n s  o f  combustion. 

S T A G N A N T  ( C I R C U L A T O R Y )  H Y P O X I A  - a d e f i c i e n c y  o f  oxygen caused by t h e  s low ing  
o f  b lood  f l o w  th rough  t i s s u e s .  
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TABLE 1. - COMBUSl I O N  P R O D U C l S  ENCOUN1tKE.D BY URBAN 

F I R € f  I G H l  ERS 

ppm 

0.1 
.1 
.2 

1 
5 

1000 
20 

- 2  

[The da ta  were t a b u l a t e d  f rom r e f .  96.1 

PI 
mg/m3 

IDLHd ( 3 0  min)  

14 5 
4 50 

10 50 
200 100 

5 000 1 500 
1 7 5  2 000 

7 5  000 50 000 
18 000 - - -  - 

Combustion 
p roduc t  

I € f f e c t  

~- 

A c r o l e i n  
HCN 

HC 1 
co  
Benzene 

P a r t i c u l a t e s  

NO2 

co2 

Overpressure 

k Pa 

:xposure, 
n 

p s i  

30 t o  100 
350 

>200 
>500 

5 000 
20 000 

100 000 
- - - - - - - - 

Ruptured ear  drum 
l i n y  hemorrhages i n  l u n g  
I s o l a t e d  hemorrhage i n  lung 
1-050, boggy lung,  emphysema 
Death 

a h m e d i a t e  danger t o  l i f e  o r  h e a l t h  (IDLH) i s  t h e  
c o n c e n t r a t i o n  f r o m  which an unpro tec ted  worker m i g h t  
escape w i t h i n  30 min w i t h o u t  i r r e v e r s i b l e  h e a l t h  
e f f e c t s  o r  any p h y s i o l o g i c  e f f e c t s  t h a t  would impede 
escape. 

bShor t -  t e rm l e t h a l  c o n c e n t r a t i o n  (SlLC) i s  a 10-min 
exposure l i m i t .  

>3 5 >5 
80 t o  110 1 2  t o  16  

110 t o  210 70 t o  30 
320 t o  310 46 t o  50 
690 t o  830 100 t o  120 

'TABLE. 11. - E S l I M A l t D  B I -ASl  EFFF-C1S I N  MAN 

[Adapted f rom r e f .  100.1 
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Figure 1 .  - Effect o f  chamber configuration on air temperature in submarine 
hull insulation fires (ref. 91). 
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Temperature- time relationship for heat injuries (ref. 92). 
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Figure 3. - Human life-support zones and flame retardant atmospheres. 
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